Abstract Lake Biwa is the largest lake in Japan, and water quality in the lake is heterogeneous. Therefore, it is important for water quality management that spatial distribution of water quality in the lake should be clearly understood. The objectives of this study are to show a methodology and to develop a simulation system to calculate COD distribution in Lake Biwa taking internal COD production into consideration. This study also aims to examine transition of COD in the lake using the simulation system. In the simulation system, runoff loads of COD from the Lake Biwa basin are calculated by Macro Model for each tributary. The external COD concentration in 233 inshore meshes of the Lake Biwa water surface was calculated using the runoff loads. The internal COD was calculated using relationships among limiting nutrients, chlorophyll-a and COD. Then, the spatial distribution of water quality in Lake Biwa was calculated both for the external and internal COD by spline technique. Simulations using the system were implemented for 1986 -1998, and a clear difference in characteristics between a drought year and a flood year was shown. In the result, it was shown that the simulation system developed here was available to calculate COD distribution in Lake Biwa, and that it had the possibility to explain the recent phenomenon of COD increase in the lake.
Introduction
Lake Biwa is the largest lake in Japan and used as a drinking water resource by 14 million people in the Kinki area of Western Japan. Since the lake is huge and its water quality is spacially heterogeneous, it is important for water quality management that the spatial distribution of water quality in the lake should be clear. The authors developed a decision support system combining pollutant runoff model (i.e. Macro Model) with GIS database of the Lake Biwa watershed (Ichiki et al., 1996 (Ichiki et al., , 2001a Yamada, 1999a, Masuda, 2000) , and showed its availability for pollutant runoff prediction and watershed management (Ichiki et al., 2001b) . In addition, they showed a methodology to estimate nutrient distribution in the lake using the runoff pollutant loads calculated by the system (Ichiki et al., 2004) , which made it possible to predict pollutant runoff and nutrient behaviour into/in Lake Biwa based on its watershed characteristics. However, the methodology could not be applied directly to estimate organic matter distribution in Lake Biwa because of the complexity of internal production in the lake. The objectives of this study are to show a methodology and to develop a simulation system to estimate COD (i.e. organic matter) distribution in Lake Biwa taking internal COD production into consideration. This study also aims to examine transition of COD in the lake using the simulation system. Figure 1 shows an estimation procedure of the system. Macro Model calculates daily runoff loads and a spline technique calculates annual water quality distribution in the system. The water quality distribution here is calculated as a 2-D distribution of COD concentration around the water surface because the environmental criteria in Lake Biwa is defined for the surface water quality (at 0.5 m of water depth).
Methods
External COD estimation COD is defined as external COD and internally produced COD. At the first stage in the external COD estimation section in Figure 1 , runoff pollutant loads from the Lake Biwa basin are calculated by Macro Model respectively for each tributary. The Macro Model was developed in consideration of the difference in pollutant runoff due to pollutant source and weather. The model structure and procedure for its parameter determination were shown in the previous literatures (Ichiki et al., 1996 , 1998 and Ichiki and Yamada, 1999b . Table 1 shows the basic equations (eqns. 1-10) and COD parameters of Macro Model. Input data for the model are: GIS database as basin characteristics, unit loads for point source pollutants and time series of precipitation data. The GIS database here consists of both digital maps and attribute data. The digital maps are spatial data for tributary watershed, administrative boundary, land use, area for each type of wastewater treatment system, etc. There are 13 meteorological observation points in the Lake Biwa watershed, at which meteorological data are being observed automatically every hour, and the observation system is called Automated Meteorological Data Acquisition System (AMe-DAS). So first, the Lake Biwa tributary watershed layer of the GIS database is overlaid with the AMeDAS observation point layer, and a Voronoi diagram is drawn by Tiessen division in order to divide the Lake Biwa watershed into 13 areas corresponding to the AMeDAS observation points, and then time series of precipitation data observed at each AMeDAS observation point are input respectively in each area divided here to calculate runoff pollutant loads for each tributary. The runoff load calculation for this study was done using 14-year data from 1985 to 1998, and results of the calculation were used as inflowing loads into Lake Biwa for the following calculations. At the next stage in the external COD estimation section in Figure 1 , the water surface of Lake Biwa was divided into 1 km 2 meshes, and the runoff loads/water from the basin and discharged loads/water from wastewater treatment plants in the basin were input into 233 inshore meshes ( Figure 2 , Ichiki et al., 2004) . Each inshore mesh with 1 m depth was regarded as a complete mixture model, and pollutant balance in each inshore mesh was calculated by eq. (11).
Here, m is attenuation coefficient (1/day) of pollutants, which shows pollutant dose variation due to sedimentation/elution onto/from sediments. Matsunashi and Imamura determined the attenuation coefficient for each environmental criteria in waters by drawing specific load curve shown by Vollenweider type of eq. (12) with z for water depth (m), f for water replacement rate (1/day) and L/A for specific loads (ton/km 2 /day) (Matsunashi and Imamura, 2000) . Figure 3 shows relationships between the specific loads (L/A) and product of water replacement rate ( f) and water depth (z) in the Lake Biwa inshore meshes. So, the attenuation coefficient (m) for each inshore mesh was determined by drawing the specific load curve to fit each inshore mesh. Using the calculated COD concentration in the inshore meshes with eq. (11), a spline technique for a 2-D coordinate (shown by eq. (13) Figure 2 Mesh segmentation of Lake Biwa A. Ichiki et al. estimated COD distribution in Lake Biwa as the external COD distribution.
Here, C x,y is a concentration in a mesh at a coordinate (x, y), n is a spline parameter (n ¼ 1.0) and h is the width of a mesh (h ¼ 1(km)). The estimation were done by continual calculations which were not complete until differences between the calculated COD before and after the calculation became less than 0.001 mg/L in all meshes.
Internal COD estimation
It is known that internally produced COD has a good correlation with chlorophyll-a (Chla) and limiting nutrients, and that a linear regression line can be drawn between COD and Chla (Fukushima et al., 1986) . Here, defining the external COD as COD concentration (COD 0 ) when the minimum Chla (Chla min ) is observed at each of 47 water quality observation points in Lake Biwa during 1983-1998, a relationship between COD 0 and Chla min is shown in Figure 4 . The relationship is formulated into eq. (14).
Here, COD 0 is COD (external COD) when Chla ¼ Chla min (mg/L), and Chla min is the minimum Chla at each observation point (ug/L). From this, the annual mean COD 
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(COD ave ) observed at each observation point minus the external COD 0 leaves the annual mean internal COD (COD p-ave ). Since Lake Biwa is a phosphorus limited lake, the relationship between COD p-ave and annual mean TP (TP ave ) of the limiting nutrient is shown in Figure 5 and formulated into eq. (15). 
Here, COD p-ave is the mean internal COD at each water quality observation point (mg/L), and TP ave is annual mean TP at the same observation point (mg/L). When the internal COD concentration in Lake Biwa is calculated by eq. (15), a spline technique can estimate the internal COD distribution in all over Lake Biwa. Correlation coefficients between the calculated COD p-ave by eq. (15) and each of Chla, TN and TP were very high for 0.96, 0.98 and 0.99.
Results and discussion
COD distribution estimation system in Lake Biwa and its reproducibility A COD distribution estimation system to calculate the external and internal COD (Figure 1 ) was developed by customizing the estimation system of nutrient distribution (Ichiki et al., 2004) . COD distributions estimated by the system are output as raster data and DBF files, and they are graphically shown by GIS applications. Simulations of pollutant runoff and water quality distribution were implemented using basin characteristics data for 13 years during 1986 -1998. Figure 6 and Table 2 show relationships between COD (external and internal) calculated by the system and observed at water quality observation points during the period. Although there is a certain dispersion, the average correlation coefficient is 0.73 and the average relative error is 12.9%. While the runoff loads input into the inshore meshes already have some errors, the results of the COD distribution estimation can be considered to have enough reproducibility.
Simulations using COD distribution estimation system in Lake Biwa Figures 7 and 8 show results of the estimations of pollutant runoff for each tributary basin and water quality distribution in 1994 as a drought year (1.254 mm of annual precipitation) and 1995 as a flood year (1,925 mm of annual precipitation) during the 1986-1998 simulations. There is a clear difference for the internal COD distribution between the drought year and the flood year in the northern lake, and some noticeable pollution in the eastern part of the southern lake can be seen for the drought year (Figure 7) . The external COD in the lake is high in the inshore meshes which are located near a river mouth of the tributary with a large amount of runoff loads (Figure 8 ). Figure 9 shows temporal change of the observed and calculated COD during 1986-1998. Figures 10 and 11 show temporal change of the calculated internal and external COD during the same period. Despite rapid sewer coverage in the Lake Biwa basin in recent years, COD concentrations both in northern lake and southern lake do not improve and tend to increase gradually ( Figure 9 ). The internal COD decreases yearly (Figure 10 ), therefore, one of the reasons for not improving COD concentration in Lake Biwa is that the reduction of the external COD has not been sufficient so far (Figure 11 ). Figure 12 shows temporal change of the internal COD and annual precipitation in northern and southern lake basins. It is known that there is negative correlation between the internal COD and precipitation, and the estimation results of this system also show the negative correlation both in the northern lake and the southern lake. It is especially noticeable in the southern lake due to the small internal COD in 1989 and 1993 of flood years and the large internal COD in drought year, 1994.
Conclusions
This paper examined the internal production of COD in Lake Biwa and suggested a methodology to estimate COD distribution in Lake Biwa taking into consideration the internal production. The method has made it possible to analyze phenomena of organic pollution in the lake with a certain reproducibility, using the estimated results of runoff loads from the catchment area and water quality in the lake. The simulation analyses implemented here have brought some significant information for the environmental management of Lake Biwa. 
